Abstract
Introduction
The fibrous composites are being increasingly used in load bearing structures due to number of advantages over conventional materials: high specific strength and stiffness, good fatigue performance and corrosion resistance. A serious obstacle to more widespread use is their sensitivity to impact and static loads in the thickness direction. As composites have demonstrated to be very venerable to out of plane impact, which cause barely visible impact damage (BVID) reportedly contributes up to 60 % loss in structures' compressive strength and major reason of catastrophic failures. The energy absorbed during impact is mainly dissipated by a combination of matrix damage, fibre fracture and fibre-matrix de-bonding, which leads to significant reductions in the load carrying capabilities. In ballistic impacts the damage is localized and clearly visible by external inspection, while low velocity impact involves long contact time between impactor and target, which produces global structure deformation with undetected internal damage at points far from the contact region. For such reasons the low velocity impact are often simulated by simple static indentation-flexure tests, neglecting the influence of dynamic effects. It is also suggested the complete model to take into account the full dynamic behavior of the laminates. Composite design optimization typically consists of identifying the optimal configuration that would achieve the required strength with minimum over heads. De Almeida [1] worked on maximizing the buckling load of a symmetric and balanced laminated plate. Performance and sensitivity to the parameters harmony memory size (HMS), harmony memory consideration rate (HMCR) and pitch adjusting rate (PAR) are determined based on the algorithm apparent reliability.
Shahraki and Noorossama [2] , presented an improved general methodology including four stages to design robust and reliable products under uncertainties. They consider reliability and robustness simultaneously to propose the new formulation of reliability-based robust design optimization (RBRDO) problems. In order to generate reliable and robust Pareto-optimal solutions, the combination of genetic algorithm with reliability assessment loop based on the performance measure approach is applied as the second stage. Next, we develop two criteria to select a solution from obtained Pareto optimal set to achieve the best possible implementation. Finally, the result verification is performed with Monte Carlo Simulations and also the quality improvement during manufacturing process is considered by identifying and controlling the critical variables.
Bruyneel [3] presented a general and effective procedure based on mathematical programming approach for the optimal design of composite structures subjected to weight, stiffness and strength criteria.
De Munck et al. [4] , demonstrated how to minimize of both cost and mass by a multi-objective optimization. First, a two-objective size optimization procedure is developed, and subsequently its strength is illustrated on hybrid composite-concrete beams. An original methodology combining Nondominated Sorting Genetic Algorithm (NSGA-II) and a metamodel is used to find all optimal solutions.
An et al. [5] , proposed a method to solve the problem of composite laminates assembled with other components, such as honeycomb or metal panels or stiffened beams. Together with stacking sequences, the cross-sectional dimensions of these components need to be considered simultaneously. A new optimization model is firstly established by involving both stacking sequence and sizing variables. Within a single procedure, the genetic algorithm is used to solve a first-level approximate problem which includes both types of variables, while a second-level approximate problem is addressed for the individual fitness calculations.
Fu et al. [6] , modelized a strategy for multi-scale analysis and optimization of stiffened panels, made of three-dimensional woven composites. Artificial neural network techniques are utilized to generate an approximate response for the optimum structural design in order to increase efficiency and applicability. The artificial neural networks are integrated with genetic algorithms to optimize mixed discrete-continuous design variables for the three dimensional woven composite structures. The proposed procedure is then applied to the multi-objective optimal design of a stiffened panel subject to buckling and post-buckling requirements.
Le-Manh and Lee [7] , presented an optimal procedure based on genetic algorithm and NURBS-based finite element isogeometric analysis (IGA) for seeking maximum load-carrying capacity of imperfect laminated composite plates with respect to a specified displacement. Nonlinear behavior of plates including bending, buckling and post buckling are investigated. Fiber orientations are the design variables.
Pelletier and Vel [8] have discussed the multi-objective design of symmetrically laminated plates for different criteria like strength, stiffness and minimal mass. Venkataraman and Haftka [9] presented a review of various approaches to the optimization of composite panels. Park et al. [10] used the genetic algorithm to optimize the laminated symmetrical composite using the finite element based on the shear deformation theory. Omkar et al. [11] used a method/generic model for the optimization of the multi-objective design (weight and cost), which is based on algorithm Vector Evaluated Artificial Bee Colony (VEABC). Yong et al. [12] used the genetic algorithm (GA) to optimize the response of composite laminate subjected to impact. Two different impact scenarios are presented: low and high velocity impact of a thin rectangular plate. In these cases, the aim of GA was to minimize the tip deflection and to minimize the penetration by varying the angles stacking respectively Aydin [13] studied the design of composite laminates subjected to hygrothermomechanical loading by mean of stochastic optimization.
Antoine and Batra [14] , employed a genetic algorithm to maximize the energy dissipated per unit area in laminates composed of layers of poly-methyl-metha-acrylate (PMMA), adhesive and polycarbonate (PC) targeted at low velocity by a rigid hemi-spherical nosed cylinder. The results shown that the sources of energy dissipation considered are plastic deformations of the PC and the PMMA, cracking of the PMMA, viscous deformations of the adhesive, and the energy used to deform failed elements that are deleted from the analysis domain. Some of the results are appropriate constitutive relations for the three materials, failure criteria, and numerical techniques to accurately analyze finite deformations of different constituents. The commercial finite element software LS-DYNA in which these material models have been implemented as user defined subroutines was used.
Malik and Arif [15] , used of Artificial Neural Networks to predict the absorbed energy in the composite laminate impacted with low velocity. The impact response of a composite laminate depends on various factors such as thickness, stacking sequence and number of layers. These factors are identified in an earlier study using the sensitivity analysis. These factors have the most effect on the impact behavior of the composite plates. These are studied here with the help of design of experiments (DOE) so that a suitable data set is obtained. The ability to solve a large number of simulations using FEA gives an advantage in the design optimization with the help of DOE (Design of Experiments). During the study different variations of these factors were tested and the response in terms of the absorbed energy was estimated. The simulation results were then used along with the ANN (Artificial Neural Networks) to fit a function to estimate the amount of absorbed energy.
Yong et al. [16] , used a genetic algorithm (GA) to optimize the response of a composite laminate subject to impact. Two different impact scenarios are presented: low-velocity impact of a slender laminated strip and high-velocity impact of a rectangular plate by a spherical impactor. In these cases, the Genetic Algorithm objective function was used to, respectively, minimize the peak deflection and minimize penetration by varying the ply orientation. The GA was coupled to a commercial finite-element (FE) package LS DYNA to perform the impact analyses.
Rahul et al. [17] , deals with optimization of hybrid fiber reinforced plastic (FRP) laminated plates subjected to impact loading using island model parallel genetic algorithm (IMPGA). Finite element method (FEM) and IMPGA have been used to obtain optimum laminates in terms of minimizing the cost, weight or both cost and weight of Graphite/Epoxy (T300/5208)-Aramid/Epoxy (Kevlar 49) hybrid laminates. Impact induced delamination and matrix cracking have been used as failure criteria for the optimization of laminate. Fiber orientation, material and thickness in each lamina as well as number of lamina in the laminate have been used as design variables. Multi-objective approach has been used to achieve the optimum design of a laminate for combined normalized weighted cost and weight minimization. The results obtained from the integrated module show that IMPGA with FEM can lead to a global optimal solution for both single as well as multiple objective functions.
Alemi-Ardakani et al. [18] , used a Taguchi design of experiments is a much known statistical method for cost/time reduction during experimental investigation and quality engineering of complex systems and processes. In the present article, efficiency, accuracy, strengths and limitations of this method in predicting and discretely optimizing impact response of FRP composites have been studied through a case study on polypropylene/E-glass laminates with unidirectional, plain, and twill weave architectures. In parallel, drop weight impact tests, X-ray micro-tomography, and pre-and post-impact four-point flexural testing are employed for two purposes: (a) gaining further knowledge on induced impact damage mechanisms, and (b) further assessment and verification of the Taguchi results. In spite of the fact that impact events of the FRP laminates are highly nonlinear and accompany high level of uncertainty, it was found that this design of experiments method is capable of predicting and maximizing the absorbed impact energy.
Rahul et al. [19] , deals with optimization of hybrid fiber reinforced plastic laminated plates subjected to impact loading. Finite element method (FEM) and genetic algorithm (GA) have been used to obtain optimum laminate in terms of minimizing the cost, weight or both cost and weight of graphite/epoxy (T300/5208)-aramid/epoxy (Kevlar 49) hybrid laminates while maximizing the strength. Impact induced delamination and matrix cracking have been used as failure criteria for the optimization of laminate. Fiber orientation, material and thickness in each lamina as well as number of lamina in the laminate have been used as design variables. Multi-objective approach has been used to achieve the optimum design of a laminate for combined normalized weighted cost and weight minimization. The results obtained from the integrated module show that genetic algorithm with finite element technique.
Khedmati et al. [20] , optimization of stacking sequence for composite panels under slamming impact loads using a genetic algorithm method is studied in this paper. For this purpose, slamming load is assumed to have a uniform distribution with a triangular-pulse type of intensity function. In order to perform optimization based on a genetic algorithm, a special code is written in MATLAB software environment. The optimizer is coupled with the commercial software ANSYS in order to analyze the composite panel under study and calculate the central deflection. After validation, different cases of stacking sequence optimization are investigated for a variety of composite panels. The investigations include symmetric as well as asymmetric conditions of stacking sequence.
Yi et al. [21] , used a coupling method for optimizing damage resistance of composite laminates under impact, a method of optimization based on solid-shell coupling finite element (FE) model was presented. Solid element was used to simulate the impact region, and shell element was used in the other region of the laminates in the model. They were connected by coupling constraint. A damage variable related to the number of fiber orientations was developed in the application of progressive damage material constitutive relationship. Optimization was implemented by genetic algorithm. Effectiveness of the damage resistance optimization method was demonstrated by classical examples. Ply stacking method of composite wingbox panel aiming at impact damage resistance was optimized. Results indicate that the method of genetic algorithm optimization based on solid-shell coupling model is highly efficient and well convergent.
Failure criteria 2.1 Composite damage
Weight, cost and structure minimization of composite structures necessarily involves strength constraints, because decreasing number of load carrying plies eventually leads to failure. The structure must be able to withstand the imposed loads without suffering any failure.
The Tsai-Wu failure criterion is one of the most reliable static failure criteria as it provides a simple analytical expression taking into account the competing interactive effects among the stress components [22] . 
The safety factor for the kth lamina, SF k , according to the Tsai-Wu criterion is defined as the multiplier of the stress components at lamina k, б Where: The root of Eq. (2) gives the safety factor. Because a negative safety factor is not physically meaningful, the absolute value of the first root is considered as the actual safety factor.
Then, the minimum of SF k is chosen as the safety factor of the laminate.
Delamination of composite
Delamination failure occurs if the following is met: 
Numerical modeling of impactors and laminate
In this section, we consider graphite/epoxy laminate of stacking sequence [0/30/45/60/90/45] s . In Table 1 , we present the mechanical properties of laminate and impactor. A circular notch of diameter 5 mm was drilled at a position shown in Fig. 1 , then a laminate was targeted at the center by four different impactors made in stainless steel (ball, truncated cone, cylinder with hemispherical head, cylinder), all the laminate sides were clamped, Fig. 2 . Among the lamina constitutive models available in LS-DYNA, the Mat Composite Failure Option Model (MAT059, Option = Solid) [22] , able to model the progressive damage of the material on the basis of a three-dimensional stress based failure criterion, was chosen in this work. Although the selection of MAT059 in shell formulation has been discussed in several applications available in literature [23] , works or detailed descriptions investigating its behavior in 3D formulations are scarce and only few information. Solid elements are able to capture fully three-dimensional states of stress and are generally used to model thick parts or continua. In contrast, parts that are relatively thin in one direction are generally modeled with shell elements. To model a thin part with solids can be expensive since the smallest dimension of a solid will control its time step, and generally two or more solid elements through the thickness are required to produce an accurate response. For solid elements, the corresponding element formulations exist with more options if shear locking is for example present. If eight-noded brick elements are to be used, the recommended element formulations are either the default formulation with one integration point, denoted as "ELFORM = 1" or the fully integrated solid formulation, denoted as "ELFORM = 2" which provides eight integration points on the element surface. The biggest disadvantage to one-point integration is the need to control the zero energy modes, which arise, called hourglassing modes. Undesirable hourglass modes tend to have periods that are typically much shorter than the periods of the structural response, and they are often observed to be oscillatory. However, hourglass modes that have periods that are comparable to the structural response periods may be a stable kinematic component of the global deformation modes and must be admissible. One way of resisting undesirable hourglassing is with a viscous damping or small elastic stiffness capable of stopping the formation of the anomalous modes but having a negligible effect on the stable global modes. Ply element deleting criterion was added by using ADDEROSION card, which allows elements to be deleted from the calculation. Solid elements are able to capture fully three-dimensional states of stress and are generally used to model thick parts or continua. In contrast, parts that are relatively thin in one direction are generally modeled with shell elements. The biggest disadvantage to one-point integration is the need to control the zero energy modes, which arise, called hourglassing modes. Undesirable hourglass modes tend to have periods that are typically much shorter than the periods of the structural response, and they are often observed to be oscillatory. The values of IHQ (Hourglassing viscosity type) = 4 and QH (Hourglassing coefficient) = 0.1.
The laminate has been modeled by using the solid element formulation. The total number of solid elements used was 21576, while the number of solid element nodes was about 44365 and the end time simulation was 4 ms. Each element has eight nodes with three degrees of freedom at each node and one integration point, through the laminate thickness. The automatic_surface to_surface has been used to model the contact between the impactor and the laminate and the contact_auto-matic_surface_to_surface_tiebreak between the layers.
All the impactors target laminate at center. The truncated cone, cylinder dropped by little surfaces.
Genetic algorithm
Genetic searches the minimum or the extreme of a function defined on a data space. To use, we must have the following five elements [25] :
• A coding principle of population element.
• A generating mechanism of the initial population.
• A function to be optimized.
• Operators to diversify the population over generations and explore the state space. (The crossover operator, the mutation operator).
• Design parameters: the size of the population, total number of generations or stopping criterion. Application of probability of crossover and mutation operators.
The genetic algorithm requires a large number of iterations compared gradient based algorithm. The steps in a simple genetic algorithm [26] are illustrated on Fig. 3. 
Formulation of the objective function
The objective function is usually formulated according to the optimization problem. In the present study, the safety factor is used as objective function; it is derived from the Tsai-Wu criterion, Eq. (1). This optimization for maximum energy seeks for a minimum safety factor, energy as variable (v = variable). For this we had the optimization settings as follows:
The optimized function is:
In Table 2 , we present the constrained variables used in optimization process, like velocity (continued variable) and the elastic Young modulus in two directions and the layer orientations. In the second optimization, we include the delamination criteria, Eq. (4) as objective function. The package Ls-optui [26] was used for optimization. This software was linked to Ls-Dyna code. During the optimization process, we used the data listed below: Population = 10 Generation = 60 Crossover: sbx Prob_crossover = 1 Prob_mutation = 0.16 Table 3 , the optimization results are presented. We note that the all the impactors shown more or less the same the same safety factor about 1.013. The cylinder present a high value of young modulus E 11 about of 138 GPa, while the young modulus E 22 take a lower value (6.031 GPa).
The Fig. 4 , illustrate the optimized contact load versus impact time without taking account the function of delamination. The cylinder impactor provides a maximum contact load about of 3.1 KN; the truncated cone impactor gives the contact load about of 1.62 KN. The hemispherical and the ball impactors provide more or less the same value about of 1.02 KN. From Fig. 5 , the displacement provided by the cylinder was 1.56 mm; the truncated cone gives a value about of 0.74 mm. The hemispherical and the ball generate a displacement about of 0.82 mm.
In Fig. 6 , we illustrate the maximal interlayer's delamination area. We note that the ball impactor provide a minimal value about of 0.83 mm 2 at interface (60/90). Hence, the cylinder generated at the interface (90/45) maximal delamination area about of 4.78 mm 2 .
With function of delamination
In this section we take account the function of delamination, Eq. (4) with the safety coefficient as objective function. In Fig. 7 , the maximal contact load was 1.63 KN generated by a truncated cone, followed by a cylinder about of 1.40 KN.
The minimal values were given by a hemispherical and the ball impactors. From Fig. 8 , the cylinder gives a lower value of displacement about of 0.60mm; the hemispherical and the ball provides more or less the same value about of 0.845mm.
In Fig. 9 , we present the effective stresses. The hemispherical impactor generated a maximal stresses about of 0.63 GPa, followed by a ball about of 0.52 GPa. The lowest stress value was given by a cylinder about of 0.24 GPa.
From Table 4 , we note that the function of delamination in the case of ball and hemispherical impactors was greatening to unit, hence the delamination take place. 
Conclusion
The objective of the present paper was the optimization of the safety factor derived from the Tsai-Wu criterion by mean of the genetic algorithm for optimal design. The optimization process was carried out on a carbon/epoxy composite of stacking sequence [0/30/45/60/90/45] s with circular notch. The Mat059 and Mat020 Lsdyna finite element models were used to model the laminate and the impactor. 
